Premature ovarian failure (POF) is an ovarian defect characterized by the premature depletion of ovarian follicles before 40 years of age, representing one major cause of female infertility. Stem cells provide the possibility of a potential treatment for POF. In this study, rat embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) were co-cultured with granulosa cells (GCs) to differentiate to GC-like cells. The level of estradiol (E2) analyzed by radioimmunoassay showed that the E2 concentration of the culture supernatant of co-cultured rat iPSCs and ESCs increased in a time-dependent manner, compared with the GCs group that has an opposite trend. The expression of follicle-stimulating hormone receptor (FSHR) was confirmed by immunostaining. These results indicated that rat iPSCs and ESCs were effectively induced to GC-like cells through indirect cell-to-cell contact. Real-time polymerase chain reaction was performed to analyze the expression level of marker genes in POF, including BMP15, FMR1, FSHR, INHA, AMH, NOBOX, FOXO3, EIF2B, FIGLA, and GDF9. The BMP15, FSHR, INHA, AMH, NOBOX, and GDF9 genes were significantly up-regulated in iPSCs and ESCs cocultured with GCs in comparison with cells that were not co-cultured. Thus, here we demonstrated an available method to differentiate rat iPSCs and ESCs into GC-like cells in vitro for the possible cell therapy of POF.
Introduction
Premature ovarian failure (POF), or premature ovarian insufficiency, is an early ovarian dysfunction clinically defined as the cessation of ovarian function with elevated gonadotrophin and lowered estrogen levels by 40 years of age [1] . Many marker genes play roles in the development of POF, including the BMP15, FMR1, FSHR, INHA, AMH, NOBOX, FOXO3, EIF2B, FIGLA, and GDF9 genes [2] ; however, it is still currently unknown which gene or genes play(s) the most important role in the development of POF. Patients with POF can be treated with exogenous estrogen replacement therapy; however, estrogen level can not be maintained within the normal physiological range in these patients. In addition, the use of donor tissue is a new way to treat POF, but the shortage of donor tissue as well as the possibility of immunological rejection restricts the clinical application of this potential treatment.
Since the successful establishment of mouse embryonic stem cell (ESC) lines in 1981 [3] , stem cells have become useful tools for research on disease and gene function. In 2006, another type of pluripotent stem cells called induced pluripotent stem cells (iPSCs) were generated by reprogramming adult cells using defined transcription factors [4, 5] . The iPSCs technology could potentially overcome two important obstacles associated with the use of human ESCs: immune rejection after transplantation and ethical concerns regarding the use of human embryos. This provides a useful model for the research on the mechanism of POF and, simultaneously, provides the possibility of treating POF with cell therapy mediated by a stem cell transplant.
The objective of this study focused on the differentiation pattern of rat iPSCs and ESCs co-cultured with ovarian granulosa cells (GCs) in vitro.
Materials and Methods

GC culture
GCs were isolated using the method described by Tajima et al. [6] with modifications. Briefly, 4-week-old female Sprague Dawley rats were subcutaneously injected with 40 IU pregnant mares serum gonadotrophin (PMSG, Folligon; Intervet, NSW, Australia) to induce follicular recruitment and increase the number of oocytes collected. Forty-eight hours after PMSG injection, GCs were
harvested from follicles and maintained in DMEM/F12 containing 10% fetal bovine serum (FBS).
ESC culture
Irradiated C57BL/6 feeder cells (SiDanSai, Shanghai, China) were seeded on gelatin-coated culture flasks 2 days before ESC passage at a density of 60,000 cells/cm 2 . The culture medium for feeder cells consisted of DMEM (Invitrogen, Carlsbad, USA) supplemented with 10% FBS (Hyclone, Logan, USA). The culture medium was changed to ESC medium just before ESCs were passaged. The ESCs were maintained in ESC medium, which contained N2B27 medium (Invitrogen) with 1 mM MEK inhibitor PD0325901 (Stemgent, Cambridge, USA), 3 mM GSK3 inhibitor CHIR99021 (Stemgent), 2 mM L-glutamine, 1% nonessential amino acids, and 0.1 mM b-mercaptoethanol [7] .
iPSC culture Rat iPS cells were kindly provided by Dr Xiao [8] . The iPSCs were plated onto murine embryonic fibroblast cells at 6 Â 10 5 cells/well in a six-well plate with the culture medium (DMEM/F12 þ 10% FBS þ 10% serum replacement).
iPSCs and ESCs co-cultured with GCs Indirect co-culture was established by using a transwell co-culture system (Costar, Cambridge, USA). Each well contained an insert with a 0.4-mm pore size membrane to separately culture iPSCs and ESCs from GCs. iPSCs and ESCs were seeded at 5 Â 10 3 cells/well 2 h before placing 5 Â 10 3 GCs in the insert. Each well received 4 ml DMEM supplemented with 15% FBS and antibiotics. Alternatively, these cells were also cultured in newborn GC-conditioned medium (GCs growing to 90% confluence were used to collect the supernatant after 24 h of incubation. GC-conditioned medium refers to the supernatant mixed 1 : 1 with complete medium). Cells were cultured at 378C in 5% CO 2 , and the medium was exchanged every 2 days. After 7 days, inserts were removed and iPSCs and ESCs were collected for immunocytochemistry and real-time polymerase chain reaction (PCR).
Alkaline phosphatase staining
The alkaline phosphatase (AP) detection kit (Millipore, Billerica, USA) was used to detect AP activity. Rat ES or iPS cells were cultured for 3 days and then fixed by fixative [4% paraformaldehyde in phosphate-buffered saline (PBS)] for 1-2 min, rinsed with 1Â rinse buffer followed by AP staining (Buffer A : Buffer B : Buffer C : H 2 O ¼ 1 : 1 : 1 : 1). About 15 min later, the cells were rinsed with 1Â rinse buffer twice and finally covered with 1Â PBS buffer to prevent drying. Then AP activity was detected under microscope (Olympus, Tokyo, Japan). Undifferentiated rat ES or iPS cells were stained purple blue indicating the cells were AP positive, while the differentiated cells were negative for AP staining.
Immunostaining Antibodies for follicle-stimulating hormone receptor (FSHR) (1 : 150; Chemicon, Billerica, USA) were used for immunostaining experiments. iPSCs and ESCs were first washed with PBS and then fixed for 30 min at room temperature in 4% paraformaldehyde, blocked with 10% non-immune serum plus 0.2% Triton X-100. The primary antibodies were incubated with the cells overnight at 48C. The cells were washed three to five times with PBS containing 0.1% Triton X-100 (PBST) and then incubated with secondary Alexa Fluor w 594 donkey anti-goat IgG (H þ L) (Invitrogen) in buffer for 1 h at room temperature in the dark. The cells were then washed three times with PBST and then incubated with 4,6-diamino-2-phenyl indole (DAPI) at a final concentration of 1 mg/ml in PBS for 5 min. Finally, the cells were washed twice (5 min each) with PBS and then visualized with a fluorescent microscope (Olympus).
Hormone assay
Co-culture supernatants were analyzed by radioimmunoassay as previously described [9] with adaptation for estradiol (E2). On Days 1, 5, and 7, inserts were removed and the culture supernatant was collected for analysis after overnight culture.
Real-time RT-PCR Total RNA was extracted from cell samples with a Trizol kit (Invitrogen) according to the manufacturer's instructions. After the extraction, the total amount of extracted nucleic acids was eluted in 100 ml. A reverse transcription reaction mixture of a total volume of 25 ml was prepared as follows. First, 1 ml of random primers (0.2 mg/ml; Promega, Madison, USA) was added to 5 ml of extracted RNA. The mixture was denatured at 708C for 5 min and cooled on ice immediately. Then, 5 ml of 5Â reverse transcription buffer, 0.75 ml of RNasin (40 U/ml; Promega), 1 ml of M-MLV reverse transcriptase (200 U/ml; Promega), 1.25 ml of dNTP (10 mM; Promega), and 11 ml of RNase-free water were added to the reaction tube. The tube was flicked gently and incubated for 60 min at 378C. The reaction was terminated at 958C for 5 min. The synthesized cDNA was used for real-time PCR amplification with the SYBR Green I PCR kit (BioWhittaker, Walkersville, USA) as recommended by the manufacturer. The reaction was carried out in a Smart Cycler real-time PCR apparatus (Bio-Rad, Hercules, USA). The primers used for real-time PCR are listed in Table 1 . PCR reactions were initiated at 958C for 90 s, followed by 40 cycles of 948C for 15 s, 668C for 10 s, and 728C for 30 s, as well as a final Differentiation of rat iPS cells and ES cells extension at 728C for 5 min. Melting curve analyses (100 cycles of 45-958C for 10 s) were also performed to exclude non-specific PCR products. A series of diluted cDNA samples were used as templates to produce standard curves. Each reaction was repeated three times.
Results
Morphology of iPSCs and ESCs before and after co-culture with GCs Under normal conditions, rat iPSCs and ESCs formed tightly packed, three-dimensional cell clumps. These clumps were mechanically dissociated and re-plated onto fresh feeder cells until they had a homogeneous, flattened, and tightly packed morphology with clear edges [ Fig. 1(A,F) ]. When fixed iPSCs and ESCs were stained with AP, undifferentiated cells appeared red and surrounded by the colorless differentiated cells [ Fig. 1(B,G) ]. On Day 3, the morphology of the iPSCs and ESCs was observed by light microscopy [ Fig. 1(C,H) ]. The morphology of the iPSCs and ESCs on Day 5 was shown in Fig. 1(D,I) . On Day 7, the morphology of the iPSCs and ESCs [ Fig. 1(E,J) ] became comparable with that of GCs [ Fig. 1(K) ].
FSHR expression in iPSCs and ESCs after induction
Immunostaining results showed an up-regulated FSHR expression in iPSCs and ESCs after co-culture and positive staining cells could be observed. Cytoplasm and cytomembrane were stained with anti-FSHR (red) and DAPI (blue), respectively [ Fig. 2(A-F) ]. iPSCs and ESCs cultured alone were used as negative controls [ Fig. 2(G -J) ].
Expression levels of marker genes in iPSCs and ESCs after induction Real-time PCR was performed to analyze the expression levels of the BMP15, FMR1, INHA, FSHR, OCT4, NANOG, AMH, NOBOX, FOXO3, EIF2B, FIGLA, and GDF9 genes in iPSCs and ESCs after induction (Fig. 3) . The BMP15, INHA, FSHR, AMH, NOBOX, and GDF9 genes were significantly up-regulated in both rat iPSCs and ESCs following co-culture with GCs in comparison with cells prior to co-culture. The FMR1 gene was up-regulated in co-cultured iPSCs, but not changed in co-cultured ESCs. In addition, the EIF2B and FOXO3 genes were significantly up-regulated in co-cultured iPSCs and weakly up-regulated in co-cultured ESCs. The FIGLA gene was up-regulated in co-cultured ESCs, but down-regulated in co-cultured iPSCs. The OCT4 and NANOG genes were significantly downregulated in both co-cultured iPSCs and ESCs, which indicated the differentiation of iPSCs and ESCs.
E2 level of co-cultured rat iPSCs and ESCs
GCs have the function of secreting estrogen. The radioimmunoassay revealed that the E2 level in GC culture supernatants was 1.25 ng/ml on Day 1, and decreased in a time-dependent fashion. In the culture supernatants of the rat iPSCs-and ESCs-GC co-cultured group, there was an opposite trend. In rat iPSCs-GC co-cultured group, E2 was 0.13 ng/ml on Day 1, and increased in a time-dependent manner, reaching 1.69 ng/ml on Day 7 (Fig. 4) . In ESCs-GC co-cultured group, E2 was 0.12 ng/ml on Day 1, and increased in a time-dependent manner to 1.35 ng/ml on Day 7 (Fig. 4) . Therefore, we can conclude that the products secreted from GC-induced rat iPSCs and ESCs differentiate into GC-like cells and secrete E2.
Discussion
Patients with POF can be treated with exogenous estrogen replacement therapy; however, their estrogen level can not be maintained within the normal physiological range in vivo. Endogenous estrogen is primarily secreted by GCs of the growing follicle. Stem cells provide a new strategy to treat POF with transplanting the derived GCs to secrete E2. Kang et al. [9] have verified that the mouse iPSCs can differentiate into functional GC-like cells and can synthesize and secrete estrogen in vitro. In this study, we used a new 
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approach to explore the differentiation of rat iPSCs and ESCs into the GC-like cells. The immunostaining results showed an up-regulation of FSHR expression in iPSCs and ESCs co-cultured with GCs. Radioimmunoassay was performed to analyze the E2 level in the culture supernatant of the co-cultured rat iPSCs and rat ESCs. The E2 levels were significantly increased in the co-cultured rat iPSCs and rat ESCs groups. On the contrary, the levels of E2 were reversed in the GCs cultured alone. These results indicated that the rat iPSCs and rat ESCs differentiated into GC-like cells during co-culture with GCs. Currently, some marker genes including BMP15, FMR1, INHA, FSHR, AMH, NOBOX, FOXO3, EIF2B, FIGLA, and GDF9 have been reported to be involved in POF development [10] [11] [12] [13] [14] [15] [16] [17] [18] . Nowadays, prediction of POF relies on the accepted biochemical markers [FSH, E2, inhibin B, or anti-Mullerian hormone (AMH)], which confirm a diagnosis indicated by menstrual irregularity. AMH, BMP15, and GDF9 are members of the transforming growth factor-b superfamily, which were expressed in the ovarian follicle, either by the oocyte or by GCs [19] . BMP15 gene encodes an oocyte-derived growth and differentiation factor, which is involved in follicular development as a critical regulator of many GC processes [11] . These findings might suggest that the haplo-insufficiency of BMP15 as the first X-linked gene may play a determinant role in the generation of ovarian dysgenesis. BMP15 gene encodes a pre-pro-protein consisting of a signal peptide, a pro-region, and a mature domain that can form homo-or hetero-dimers with related factors, such as GDF9 [20] . Newborn ovary homeobox (NOBOX) encodes two oocyte-specific transcription factors that regulate genes unique to oocytes. NOBOX is a homeobox gene that is critical for specifying an oocyte-restricted gene expression pattern including GDF9, and BMP15 [21] . NOBOX deletion in knockout mice accelerates postnatal oocyte loss with follicles replaced by fibrous tissue resulting in a phenotype similar to non-syndromic ovarian failure in women. In summary, AMH, BMP15, GDF9, and NOBOX genes are the interactive factors in the processes of POF.
FSHR is glycoprotein hormone receptor belonging to the GPCRs family [13] . Together with its binding hormone, FSH, this receptor is essential for normal reproductive function in both sexes. Inhibin A (INHA) is another candidate gene for POF, given its important role in regulating ovarian 
function either as a modulator of pituitary FSH synthesis or as a paracrine factor [22] . FSH and AMH are reported to be the biochemical markers of POF.
Castrillon et al. [23] found that FOXO3 knockout female mice exhibit a marked age-dependent decline in reproductive fitness due to a premature follicular development leading to oocyte death and early depletion of follicles, which results in infertility. EIF2B gene has an important role in protein synthesis and its regulation under different stress conditions prevents accumulation of denaturated proteins during cellular stress. Therefore, its dysfunction could be responsible for the increased apoptosis of ovarian follicles, but none of the known mutations in EIF2B genes, either homozygous or heterozygous, were detected in patients with isolated 46, XX POI [16] . FMR1 and FIGLA genes were also reported to have a certain relationship with the occurrence of POF, but not directly involve in the particles of GC cells development and regulation of ovulation [10, 17] . The EIF2B and FOXO3 genes were significantly up-regulated in co-cultured iPSCs and weakly up-regulated in co-cultured ESCs. The FMR1 gene was up-regulated in co-cultured iPSCs, but not changed in co-cultured ESCs. The FIGLA gene was up-regulated in co-cultured ESCs, but down-regulated in co-cultured iPSCs.
Our findings confirmed that rat iPSCs and rat ESCs can give rise to functional GC-like cells, which can synthesize and secrete estrogens in vitro and express the specific receptor FSHR of GC cells, but more data are needed to confirm whether these cells induced from rat iPSCs and ESCs are exactly the GCs. Rat iPSCs and rat ESCs display the similar changes during co-culture with GCs in morphology, function, and gene expression. In our results, AMH, BMP15, GDF9, NOBOX, FSHR, and INHA genes are significantly up-regulated in co-cultured iPSCs and ESCs compared with non-co-cultured cells, and the significantly up-regulated expression levels indicate that these genes maybe as the candidate genes for the prediction of POF according to their function. However, the functions of the FMR1, FOXO3, EIF2B, and FIGLA genes as well as the detailed molecular 
mechanisms underlying the differentiation of rat iPSCs and ESCs into the GC-like cells are still unclear.
In conclusion, these results can provide very useful clues to understand the process of POF and to select out the more useful candidate genes for the prediction of POF. We established an available model for the research of the POF process; however, there are numerous obstacles to be overcome before the clinical application of this method. Induction of E2 secretion from the rat iPSCs and ESCs-GC co-cultured cells E2 concentrations (ng/ml) of culture supernatant from rat iPSCs and ESCs co-cultured with GCs were measured by radioimmunoassay on Days 1, 5, and 7.
